Abstract The time of departure of water cycle variables from historical climatic conditions is quantified from multi-model suites of climate change simulations. Two thresholds are examined: the historical (1860-2005) mean and the range of variability during that same period. The metric is the year when the future range of variability in RCP4.5 and RCP8.5 moves permanently above or below the historical mean for seasonal average values of precipitation, runoff and surface soil moisture. There is a large range of inter-model variability, so both multi-model means of the year of departure and the fraction of models exceeding thresholds by the end of the 21st century are calculated. There is a strong tendency for transition to wetter winter conditions at high northern latitudes for precipitation, but a predominance of dry departures in JJA, with a slight tendency for positive departures in precipitation when considered globally across the year. For runoff there are approximately equal areas of permanently wetter and drier conditions, but runoff is the most sensitive term with the largest areas of departure early in the 21st century, and the greatest propensity to move outside the historical range of variability. Soil moisture trends are predominantly negative with large regions shifting to permanently drier conditions. For all three variables there is a clear increase over time in the total area becoming permanently wetter or drier than the historical mean. The termination of many models' simulations at 2100, often before permanent transitions are reached, affects the calculations, leading to earlier transition dates than if simulations are extended.
Introduction
One of the chief concerns regarding climate change is determining when local climate will become demonstrably different than historical conditions. This is a crucial issue because our societal infrastructure and economy are designed around historical norms. One category increasingly used is Btime of emergence^ (Hawkins and Sutton 2012) or Btime of expulsion ( Power 2014 ); a metric that quantifies a date after which some facet of climate has notably and permanently deviated from the historical record. Much research has focused on the emergence of temperature deviations (e.g., Diffenbaugh and Scherer 2011; Hawkins and Sutton 2012) , as there is a direct linkage between changing atmospheric composition, atmospheric radiative transfer, and mean surface temperature. Less has been done to investigate emergence within the water cycle. Christensen et al. (2007) presented estimates for precipitation and temperature for broad regions based on Coupled Model Intercomparison Project Phase 3 (CMIP3) simulations. Giorgi and Bi (2009) quantified time of emergence for trends over specific precipitation hot spots, based on 20-year running means in CMIP3 simulations. A key element of any multimodel study is an assessment of the degree of consensus among models (e.g., Power et al. 2012) .
There are many ways to quantify emergence (Kirtman et al. 2013) . One may compare first and second order moments between two periods to determine when the latter period has become significantly different (e.g., Mahlstein et al. 2012a ). Mahlstein et al. (2012b) applied such an approach to wet season precipitation, but they quantified emergence linked to the degree of global mean surface warming rather than by time. Mora et al. (2013) estimated the departure of future temperature projections from the historical range of variability using a suite of Coupled Model Intercomparison Project Phase 5 (CMIP5) simulations, similar to the third metric used by Diffenbaugh and Scherer (2011) . Thus, they quantified the global spatial distribution of the date when projected monthly and annual temperatures would move permanently above the range of variation exhibited in the period in Bhistorical^simulations by the same CMIP5 models. They presented a novel metric that is easy for many people to comprehend and locally relevant for any location, unlike regional or global mean temperature changes.
In this study, we apply the general approach of Mora et al. (2013) to the water cycle. We characterize the changes in the envelope of variability on a global scale between recent climate and projections from CMIP5 model simulations. We also pay particular attention to the degree of consensus among models as an indicator of uncertainty. Three facets of the water cycle are addressed: meteorological (changes in precipitation), agricultural (soil moisture) and hydrological (total runoff). These definitions are commonly made for the characterization of drought, but here we use the terms more broadly to allude to the connections between these model variables and economic or policy interests (cf. Dirmeyer et al. 2014) .
Unlike temperature projections, changes in water cycle variables are forecast to be positive or negative depending on location, time of year, and variable. Dirmeyer et al. (2013) quantified the degree of agreement among CMIP5 models in their projections for a range of variables based on the sign of the change. While a high degree of agreement was found for many locations, there were varying degrees of discrepancy among models. More pertinent is that there are different regions projected to experience greater or lesser rainfall, runoff, or soil moisture with a significant degree of confidence among models. Thus, the metric of date of transition for the water cycle should be quantified for both positive and negative departures.
We also examine a less stringent but equally significant threshold; the date when the future range of variability remains above or below the historical mean. Since future climate scenarios are of finite length, we must also quantify whether a departure from the historical climate that occurs late in the simulation (many CMIP5 simulations end at 2100) represents a temporary or permanent departure. These issues are discussed in detail in Section 3 along with the analysis procedure. Section 2 describes the data sets used. Results are presented in Section 4 and Section 5 contains discussion and conclusions. In Section 5 we also discuss limitations of this study, namely how proximity of the date of departure to the end of the time series biases results, and the uncertainty implied by differences among ensemble members for models with multiple simulations.
Data
We examine data from three long-term experiments of CMIP5 with fully coupled atmosphereocean-land climate models (Taylor et al. 2012 (Thompson et al. 2011) . Modeling groups performed one or more transient runs of 95-295 years duration, so we consider only the 21st century (through 2100). RCP8.5 has an 8.5 Wm −2 radiative forcing equivalent representative of greater warming through no abatement of fossil fuel burning, sharp aerosol reductions, and land use changes only to support food production for a global population approaching stasis (Riahi et al. 2011) . Three variables are considered: total precipitation from monthly atmospheric data files, and total runoff and moisture in the upper 100 mm of the soil column from monthly land data files. Table S1 in the supplement lists the 10 models used in this study. These models do not simulate current climate with perfect fidelity; Fig S1 shows as an example the mean annual precipitation bias for each model calculated for the period 1923-2012 relative to Climate Research Center estimates (CRU, 2013). There is debate over whether mean errors in climate models are related to their ability to predict deviations from the mean (cf. DelSole et al. 2008; DelSole and Shukla 2010 ), yet there is also evidence that model fidelity may be related to the projected rate of climate change (e.g., Shukla et al. 2006 ).
Analysis procedure
Global fields of maximum, minimum and mean precipitation, soil moisture, and runoff over the 1860-2005 period for the Historical case for each model and each season are the basis for comparisons to the future climate cases. The seasons are defined as 3-month periods starting in December, March, June and September.
For each of the RCP cases, we have found for the corresponding models and seasons the global distributions of the year when all of the future values remain above/below the maximum/ minimum from the Historical case at each location. Unlike Mora et al. (2013) who concentrated on warming temperatures, we look for exceedance in water cycle components at both extremes. Additionally, we quantify the year when the future seasonal values remain above/below the mean of the Historical case. This is a less stringent condition, but important as it indicates a transition to a regime when the Historical norm moves outside the climate distribution.
We start with RCP data from each model at year 2100 and consider only land grid points free of glacial ice as defined in the Historical simulation's surface mask. If the value is outside the Historical range for the same model, season and location, we step backward year by year until the value falls within the Historical range. We define the Historical threshold to be crossed as the first year where the values stay consecutively above or below the Historical range. Mora et al. (2013) do not account for the possibility of quantifying false emergence where transitions occur near the date 2100, potentially skewing the statistics (cf. Hawkins et al. 2014) . To mitigate this problem, if a transition year occurs after 2090, we dismiss the possibility as being too likely to have occurred by chance and thus not permanent by our definition. The same process is used for comparison of RCP time series to the Historical mean -here the 10-year criterion corresponds to a chance threshold of 1 in 512 (~99.8 % confidence) assuming a random distribution about the mean with no change in mean from Historical to RCP cases. For the test against extremes, it is more difficult to estimate a corresponding probability, but it would be much more strict than for comparison to the Historical mean. Furthermore, we quantify consensus among models (cf. Power et al. 2012 ) and compare their projected growth of affected area with time. Biases are discussed in Section 5. We perform a multi-model analysis by regridding all model results onto a higher-resolution grid. The results for each model are interpolated onto a uniform 1/12°global grid, preserving data only for grid boxes that overlap the model's land grid boxes (cf. Dirmeyer et al. 2013 ). This prevents aliasing, smoothing or other loss of information among models run on different grids of comparable resolution. For multi-model analyses we consider a land grid box on the high-resolution grid only when 8 or more of the 10 models report land for that location.
Results
We concentrate on results from RCP8.5 and show how the generally weaker responses in RCP4.5 differ as appropriate. We also show mostly the deviations that are, with confidence, permanently on one side of the Historical mean as there are generally few areas where the Historical range becomes constantly exceeded, but we do discuss some exceptional cases. Also, we focus on summer and winter seasons for the multi-model results. Results for the individual models are given in the Supplement.
Multi-model statistics
In Fig. 2 we show the average decade when the climate models permanently exceed the Historical mean for precipitation, total runoff and soil moisture during JJA and DJF. Where at least four of the models transition to the same side of the mean, the darker color is used. The average is calculated only from the models that become permanently wetter or drier -those whose envelope of variability still encompass the Historical mean at the end of the 21st century are not included. Thus, the actual mean date for all models is later than the date shown, but cannot be estimated for models when that date would occur after 2090. Nevertheless, the maps give a good idea of the spatial pattern of projected transitions. Purple shading indicates different models transitioning to wetter and drier in the same location, and thus lack of consensus.
On a global scale, the spectrum from wetter-dominant precipitation to drier-dominant soil moisture is clear. The wetter threshold is usually crossed in winter at high latitudes of Eurasia and North America. The earliest onset often occurs for runoff, followed one to two decades later by precipitation. At least four models show dry conditions exceeded during JJA over much of Central America, tropical South America, West and South Africa for all variables; the Rocky Mountains, Patagonia and the Mediterranean for runoff and soil moisture, and much of the Arctic for soil moisture. Northern South America, Mexico, Patagonia and the Mediterranean region including much of Eastern Europe suffer extreme drying for two or more variables during DJF. Figs S2-S4 and Tables S2-S4 show the total area affected is quite large. For soil moisture and to a lesser extent runoff, the shift to drier conditions may set in over many regions within the next quarter century.
To provide a better assessment of the degree of consensus among models, we tally the total area at each latitude that crosses the mean threshold for each model by the end of the 21st century and plot the area where 0, 1…10 models agree. Fig. 3 shows the results for precipitation -the grey line denotes the total relative ice-free land area at each latitude, and the silhouette is reflected about the abscissa. Shading above denotes where precipitation remains above the Historical mean, shading below remains drier. Colors indicate the number of models that agree that area has transitioned. Color on both sides of the zero line indicates latitudes where some models move above the mean and others below, or where individual models move above at some longitudes, but below at others.
Only two latitude bands show likely extreme increases in precipitation -north of about 35°N and an area centered around the ITCZ around 5°S. The change from RCP4.5 to RCP8.5 is minimal at low latitudes, where only a couple of models remain across the wet threshold, but at high northern latitudes a consensus forms for RCP8.5, covering essentially all land north of 70°N. There is also a growing but less cohesive consensus for severely drier conditions around 10°S-35°N, and south of 35°S (Patagonia). During JJA the profound changes from RCP4.5 to RCP8.5 are toward drier conditions, especially at low-latitudes, peaking around 10°S. Consensus for wetter than mean conditions is weak at all latitudes, but most robust between 30°-40°N. Figure 4 presents a similar analysis for total runoff. Much more land area shows effects, but a near consensus for pervasively wetter conditions in the Arctic during DJF is not attained. The maximum count is only 8 models for this variable. There is less difference between the scenarios in total area affected, although there are some interesting shifts. For example, during Fig. 2 Geographic distribution of the multi-model average crossover dates when the RCP8.5 case moves permanently above or below the Historical mean for the indicated variables and seasons. Hatching indicates fewer than 4 models achieve wetter or drier conditions by 2090, shading indicates 4 or more models Fig. 3 The proportion of land area by latitude (silhouette encloses total land area for each latitude) over which the indicated number of models (color shading) have moved permanently above or below the Historical mean by the end of the 21st century for precipitation for the indicated seasons and RCP. The vertical scale is km of land spanned by permanent changes at any latitude JJA there is an intensification of the consensus from RCP4.8 to RCP8.5 for reduced runoff in the Southern Hemisphere and around 40°N, but the area where 2-3 models agree in the Northern Hemisphere subtropics shrinks as the consensus for increased runoff grows. There is less cohesion among models for runoff than for precipitation. Nearly all latitudes and seasons show at least one model wetter and one drier except RCP8.5 DJF north of 55°N. Figure 5 presents the analysis for soil moisture. There is pervasiveness of drier conditions across the globe during JJA in RCP8.5. During DJF there is some relief, replaced by a growing concurrence for wetter soils at higher northern latitudes. That wet region is most similar to the corresponding plot for RCP4.5, otherwise most locations are less severely affected.
Between Figs 3-5 there are some interesting contrasts. The areas of reduced runoff between 10°-50°N are not reflected in soil moisture in RCP4.5, but for RCP8.5 the dry soil moisture states become at least as severe and widespread as the runoff deficits. Although the precipitation deficits during JJA in RCP8.5 appear more widespread and harmonious south of 20°N, the Northern Hemisphere middle and high latitudes appear as impacted as those southern areas in the soil moisture fields. Similarly, areas north of 20°N are more prone to runoff reductions below the Historical mean than precipitation reductions in all cases and seasons, whereas the precipitation and runoff responses to the south are more comparable.
The geographic patterns contributing to these distributions are shown for the RCP8.5 case in Fig 6. There is strong correspondence for all variables between the patterns of this model agreement count and the average date of emergence shown in Fig S4. The earlier the average emergence date, the more models cross the threshold by 2100. Regions shaded dark brown have a risk, according to the CMIP5 models, of serious water resource shortages. Areas shaded dark green could be dealing with abundance, or in humid regions overabundance, of water. Figure S5 shows the geographic distribution of model consensus for future water variables moving completely outside the Historical range. Only runoff shows large areas where at least one or two models suggest shifts outside the Historical envelope. Contrast this to the results of Mora et al. (2013) for temperature, where the Historical range is exceeded over half of the grid cells by 2090 for monthly means, 2045 for annual means -they did not present analysis for seasonal means as we have done here, but the median date of exceedance would be somewhere between those two dates. Figure 7 shows the evolution of the global area that permanently crosses the Historical mean in each direction for precipitation from each model for the RCP4.5 and RCP8.5 cases during JJA and DJF. The dotted black line shows the 10-model average area -in each panel the lower average is the RCP4.5 case (thin lines), and the larger is RCP8.5 (thick lines). The dispersion among models is large, causing overlaps between the two cases in each panel. Boreal summer favors drying over moistening; the opposite is true during boreal winter.
Expansion of regime shifts
A noteworthy aspect, evident also in plots for runoff and soil moisture (not shown) and noted for precipitation in Fig S2, is the accelerating rate of increase in affected area over the Fig. 6 Geographical distribution of the number of models (color shading) that move permanently above or below the Historical mean by the end of the 21st century for in the RCP8.5 case for the indicated variables and seasons course of the 21st century. Fig. 8 shows the rate of change of area that permanently crosses the Historical mean based on a 5-year centered running mean of the multi-model average for all variables, both cases, and all seasons. This quantity is the slope of the black curves in Fig 7 for precipitation, and similar slope calculations for runoff and soil moisture. The rate of increase of area is generally greater for RCP8.5 for all variables and seasons.
As a whole, precipitation skews towards greater growth rates for permanently wetter areas than permanently drier, with boreal summer being a clear exception. However, the rates of growth in area are minimal until around 2030. For runoff, the rates of growth are comparable Fig. 7 Time evolution of land area where seasonal mean precipitation has moved permanently above or below the Historical mean for each model in the RCP4.5 case (thin lines) and RCP8.5 (thick lines) cases. Dotted black lines are the multi-model average for each RCP -larger deviations from 0 are always the RCP8.5 mean Fig. 8 The 5-year centered running mean of the rate of change of multi-model average land area (percentage per year) where the seasonal mean has moved permanently above or below the Historical mean for the indicated variables and seasons in the RCP4.5 case (thin lines) and RCP8.5 (thick lines) cases for both wetter and drier conditions, and the rates are usually larger for runoff than precipitation (until approximately the last quarter of the century for wetter areas but for the entire period on the dry end of the scale), suggesting precipitation changes are amplified in the runoff response (cf. Materia et al. 2010) . Soil moisture extremes skew towards drying conditions, with rates notably larger than for wetter areas throughout the century.
For nearly every variable and season there is an acceleration in the rates of growth of areas permanently outside the Historical mean, especially evident as the second half of the century progresses. There appears to be an inflection point at the start of the last quarter of the century, with the slope of the later period being be markedly steeper. However, it is not clearly demonstrable that this is a significant departure from the progressive growth in area one might expect from, for example, the cumulative distribution function of a normal distribution of growth rates peaking sometime during the 22nd century. The impression of acceleration was also seen in Mora et al. (2013) but appears to be an artifact of the proximity to the end of the time series, and is discussed further in Section 5.
Finally, we examined a combined metric -the date when all three variables have crossed the Historical mean threshold according to the multi-model average. For the RCP8.5 case, the drying that is most evident during JJA (Fig 2) transitions for all three variables over 29.3 % of land area (excluding Antarctica) by 2090 considering only when at least three models indicate a transition. When the model threshold is raised to five, the percentage area drops to 11.6 %. For the wetter transitions dominant in DJF, the land area where all three variables cross by 2090 is 23.9 % with a three-model threshold, but drops to 15.4 % with a five-model threshold. For RCP4.5 and ≥3 models the JJA dry area is 11.9 %, and for DJF wet it is 6.0 %.
Discussion and conclusions
We examine the evolution of water cycle variables projected by a suite of CMIP5 model simulations for RCP4.5 and RCP8.5 cases. We quantify the dates after which the range of variability of precipitation, runoff and soil moisture shifts permanently above or below thresholds based on a more stringent definition of Bpermanent^than that of Mora et al. (2013) . The principal threshold used is the Historical mean (1860-2005); we establish the date when all consecutive years thereafter through 2100 in each model simulation at each grid point remain above or below the threshold. We reject dates after 2090 as not being confidently permanent. We also use minimum and maximum values from the Historical period to define more extreme thresholds (Fig 1) .
Wetter conditions at high northern latitudes during winter are quantified in terms of the fraction of models suggesting a shift in water cycle variables by the end of the 21st century, and the average date when that shift may occur. Wet extremes peak in DJF and MAM in RCP8.5 due to increased high-latitude precipitation, greater snowmelt and less frozen soil leading to more infiltration at high latitudes. Boreal summer drying in the area is a result of greater water loss from the soil.
Widespread drying during JJA, and year-round drought conditions in northern South America, the Caribbean and Mediterranean are driven by some combination of decreased rainfall, increased potential evaporation drying soils and reduced soil water available for runoff. A change in precipitation characteristics towards more intense events (cf. Dirmeyer et al. 2012 ) also appears to deprive the soil of moisture as the partitioning between infiltration and surface runoff shifts towards runoff. As a result, globally we see approximately equal areas of increasing versus decreasing runoff (Fig 4) but a clear tendency toward drying soils (Fig 5) .
The total area that remains above or below the Historical mean is almost certainly overestimated here, although the spatial patterns are likely robust. This is because the end of the data series (2100) remains relatively close to the upper bound of 2090. Two of the models (GISS-E2-R and HadGEM2-ES) ran both scenarios out to the year 2300. To test the impact, we repeated the calculation of estimating the percentage of land area reaching Bpermanent emergence^with these models for end dates at 10-year intervals from 2080 to 2230 (with corresponding last possible transitions of 2070 to 2220). Figure S6 shows how the percentage land area is affected by the end date of the data series -all seasons and variables for both models have the same character. There is an overestimation of the area when the upper limit is close to the end of the time series (cf. Hawkins et al. 2014) . The percentage asymptotically approaches the apparent true value as the available data is extended further into the future. It appears one might be able to estimate the Btrue^values from data up to 2100, either by proper fitting of a regression based on key values (e.g., the 2090 area based on data through 2100, and the 2080 area based on data through both 2090 and 2100). Such an investigation is beyond the scope of the current study. Furthermore, the apparent acceleration in the area that seems to be permanently above or below the Historical mean fades as the end date of the time series is pushed further into the future. Even with an end date of 2230 evidence of acceleration is rather tenuous. This is the kind of situation where a multi-model estimate can reduce uncertainty. Longer simulations than the required 2100 terminus specified in CMIP5 would make estimates of emergence more resilient -more than one extra century of simulation appears necessary.
We have used only one ensemble member from each model. Some models have only one member while others have from 2 to 5 for all cases. A valid concern is how sensitive transitions are to the choice of ensemble member. We checked the two models with the largest ensemble sizes: CanESM2 (5 members for each case; 25 combinations) and HadGEM2-ES (4 members; 16 combinations). We calculated the standard deviation of the threshold year relative to Historical mean across all combinations (Figs S7 and S8) . Points are included only when at least 20 % of combinations indicated a permanent change by 2090. The median standard deviation of the transition year is less than 10 years in all cases except DJF runoff for CanESM2, and is zero for most variables and seasons for HadGEM2-ES for transitions below the Historical mean. The lower quartile is also frequently zero for both models, but the single point with the maximum standard deviations is typically 20 years or more. Precipitation appears to have the most stable estimate of transition dates among different combinations of ensemble members, and runoff the least certain.
We also checked the number of combinations of ensemble members at each point that resulted in permanent emergence. For RCP4.5 it is common for most of the changes to occur in only a fraction of the combinations of ensemble members. For RCP8.5, emergence is usually indicated by all (or nearly all) combinations for soil moisture CanESM2, and for HadGEM2-ES in the drying situations. The situations with higher soil moisture in HadGEM2-ES are not so robust. Runoff in CanESM2 behaves much like soil moisture. Interestingly, for precipitation where standard deviations of threshold years are very low, we generally see the lowest counts of ensemble member combinations. This suggests results from individual models should be considered only in an ensemble framework, yet further justifies a multi-model assessment such as this, particularly when so many models have only one simulation.
Finally, we reiterate that transition dates are calculated only from models that have crossed the thresholds as we have defined them. For models whose variability still encompass the Historical mean at the end of the 21st century, we have no date to include in the average. The actual mean date for all models is necessarily later than the average computed unless all models have transitioned. Combined with the effect of the 2100 end date of many of the simulations, we can say the actual transition dates must be somewhat later (and areas transitioning by a given date somewhat smaller) than estimated here, but nevertheless lay along the same trend line in a changing climate.
Assuming both the natural world and human societies are locally adapted to the Historical ranges of water cycle variables, accelerating movement beyond these thresholds connotes potentially disastrous consequences and a major challenge for adaptation. However, we still see a wide range of responses among the models, signifying a noteworthy degree of uncertainty for the results of any individual model. Multi-model averages are presumed to reduce this uncertainty, and ensembles are meant to envelop the actual trajectory. However, it is rare for all ten models to concur on a transition anywhere by 2090. Continued monitoring in the early 21st century can help validate which projections best match the actual trajectory of the global water cycle.
